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Abstract The transverse momentum spectra and integrated
yields of anti-� hyperons (�

±
) have been measured in pp and

p−Pb collisions at
√
sNN = 5.02 TeV with the ALICE exper-

iment. Measurements are performed via the newly accessed
decay channel �

± → nπ±. A new method of antineutron
reconstruction with the PHOS electromagnetic spectrometer
is developed and applied to this analysis. The pT spectra of
�

±
are measured in the range 0.5 < pT < 3 GeV/c and

compared to predictions of the PYTHIA 8, DPMJET, PHO-
JET, EPOS LHC and EPOS4 models. The EPOS LHC and
EPOS4 models provide the best descriptions of the measured
spectra both in pp and p−Pb collisions, while models which
do not account for multiparton interactions provide a con-
siderably worse description at high pT. The total yields of
�

±
in both pp and p−Pb collisions are compared to pre-

dictions of the Thermal-FIST model and dynamical models
PYTHIA 8, DPMJET, PHOJET, EPOS LHC and EPOS4. All
models reproduce the total yields in both colliding systems
within uncertainties. The nuclear modification factors RpPb

for both �
+

and �
−

are evaluated and compared to those of
protons, � and � hyperons, and predictions of EPOS LHC
and EPOS4 models. No deviations of RpPb for �

±
from the

model predictions or measurements for other hadrons are
found within uncertainties.

1 Introduction

Enhancement of strangeness production was one of the first
proposed signatures of quark–gluon plasma (QGP) forma-
tion in heavy-ion collisions [1]. Many measurements have
been performed since then, and this idea has dramatically
evolved. Strangeness enhancement was first observed at SPS
by experiments WA97 [2] and NA57 [3], then it was seen
also at RHIC [4,5] and at LHC energies [6,7]. Unexpectedly,
an enhancement of strange hadron production was observed
not only in nucleus-nucleus (AA) collisions but also in p–
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A (proton–nucleus) and even in high-multiplicity proton–
proton (pp) collisions [6,8–10], exhibiting a smooth transi-
tion from pp to AA collisions as a function of the charged-
particle density.

These observations stress the importance of the details of
strangeness production, especially in pp and p–A collisions.
� hyperons are of special interest as on the one hand they
have minor feed-down of heavier resonance decays [11] and
allow for direct tests of strangeness production, and on the
other hand �0 produces a considerable contribution to the
� yield. � antihyperons contain a single strange antiquark
and form a triplet, with the electric charge defined by their

light quark content �
+
(d̄ d̄ s̄), �

0
(ūd̄ s̄) and �

−
(ūūs̄). Both

charged �
±

have similar masses (1189.37 ± 0.07 MeV for
�

−
and 1197.449 ± 0.029 MeV for �

+
) while their mean

lifetimes are significantly different ((8.018±0.026)×10−11 s
for �

−
and (1.479 ± 0.011) × 10−10 s for �

+
) [11].

�-baryon production was studied in detail in e+e− col-
lisions via Z hadronic decays by the experiments DEL-
PHI [12], L3 [13], and OPAL [14] at LEP. Theoretical mod-
els, such as the thermal statistical model [15], describe these
results within uncertainties. However, there is no experimen-
tal data on � hyperon production in hadron collisions, and it
was not investigated whether those models can also describe
� production in these collisions. Studying �

±
-baryon pro-

duction allows one to test different theoretical models and get
insights into strange-baryon production mechanisms. Com-
parison of strange hadron spectra in pp and p–Pb collisions
is important to understand the impact of multiparton inter-
actions and their participation in the collective expansion of
hot matter.

Hyperons provide an excellent opportunity to study the
spin alignment (“global polarization”) of final hadrons. The
polarization of final hadrons may be produced via spin-orbit
coupling by the specific velocity and vorticity fields devel-
oped in the course of the evolution of hot matter created in
AA collisions [16]. Global polarization of � hyperons was
observed in Pb–Pb collisions [17,18]. These results can be
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described by hydrodynamic models. However, similar hydro-
dynamic models failed to reproduce global � polarization
observed in p−Pb collisions [19]. The �0 hyperons provide
considerable feed-down for the � and therefore, it is cru-
cial to constrain this contribution, through the related �±
particles, to make a quantitative comparison to the models.

For the first time, �
±

are measured in the channels
�

+→ nπ+ (BR = 99.848%) and �
−
nπ− (BR = 48.31%).

The n identification technique and the measurement of its
momentum with good accuracy pave the way for further
measurements including n production yields and correlations
with other particles to test hadron formation mechanisms.
In this paper, the �

±
production was studied by employing

a new analysis method in the field of high-energy physics,
which relies on the possibility of reconstructing an antineu-
tron (n) in an electromagnetic calorimeter.

2 Experimental apparatus, data sample and analysis

The ALICE experiment was designed to explore the QGP
formed in ultrarelativistic AA collisions, but its scope also
covers physics in smaller systems such as pp and p–A colli-
sions. The detector is optimized to provide excellent track-
ing at low pT and particle identification over a wide range
of momentum with various subdetectors. To reconstruct n,
the Photon Spectrometer (PHOS) [20] is used while π± are
reconstructed and identified with the central tracking system
consisting of the Inner Tracking System (ITS) [21] and the
Time Projection Chamber (TPC) [22].

The PHOS is a precise electromagnetic calorimeter based
on PbWO4 crystals. It is installed at a distance of 4.6 m from
the nominal Interaction Point (IP), covering 70◦ in azimuthal
angle and |η| < 0.125 in pseudorapidity. The PbWO4 crys-
tals have the size of 2.2 × 2.2 × 18 cm3, where transverse
dimensions were chosen close to the Molière radius. This
ensures high granularity and provides the possibility to recon-
struct showers in several cells to distinguish electromagnetic
and hadronic showers using shower shape analysis. The lon-
gitudinal size corresponds to 20 radiation length X0 and ∼ 1
interaction length λint.

The ITS [21] consists of six concentric silicon layers based
on the silicon pixel (SPD), silicon drift (SDD), and silicon
strip (SSD) technologies. The TPC [22] is a large cylindri-
cal drift detector providing a maximum of 159 reconstructed
space points per track and particle identification via the mea-
surement of the specific energy loss dE /dx . The central barrel
detectors are installed in a magnetic field of B = 0.5 T gener-
ated by a solenoid magnet. The ITS covers a pseudorapidity
range of |η| < 1.2 while the TPC provides the reconstruction
of tracks with good quality within |η| < 0.9. The ITS and

TPC have full azimuthal coverage around the IP and are used
for track reconstruction in the analysis.

The minimum bias (MB) event trigger is organized sim-
ilarly in pp and p−Pb collisions. It is based on the coinci-
dence of the signals of the V0A and V0C detectors consisting
of two arrays of 32 scintillator tiles each covering the full
azimuthal angle at 2.8 < η < 5.1 and −3.7 < η < −1.7,

respectively [23]. Furthermore, the V0A and V0C detectors
(together defined as V0M) are used for multiplicity measure-
ments.

The p−Pb data at
√
sNN = 5.02 TeV were recorded in

2016 with one beam configuration, where the circulation
directions of the proton and Pb beams in LHC did not change.
Equal magnetic rigidity for the proton and Pb beams in the
LHC resulted in a rapidity shift of 	yNN = −0.465 in the
direction of the proton beam between the nucleon–nucleon
center-of-mass (yCMS) and the laboratory reference system.
The pp data at the same center of mass energy were col-
lected in 2017. For this analysis, inelastic (INEL) events were
selected.

2.1 Antineutron identification

The PHOS has a small hadronic thickness, and it is not able
to reconstruct the full energy deposited by an n. In addition,
the typical energy resolution of hadronic calorimeters σE ∼
(30−70)%/

√
E [11] is not sufficient to resolve a resonance

peak in the high-multiplicity environment of a p−Pb or even
pp collision. Therefore, an alternative approach is used for
the n identification and reconstruction: the n identification is
performed using cluster properties, while the n momentum
is estimated based on the timing information. A cluster in
the PHOS consists of a set of cells (or PbWO4 crystals) that
share a common side or corner [20]. The clustering algorithm
starts from the seed cell with the energy above the threshold
Eseed = 30 MeV and adds all cells with the energy above
minimal energy threshold Emin = 10 MeV and having a
common side or corner with any cell already in the cluster.
If several local maxima (cells with the energy larger than
any adjacent cell has by ElocMax = 30 MeV) appear in the
cluster, an unfolding algorithm is applied to split the cluster
into several clusters [20].

The identification of n clusters in the PHOS is based on
three variables: the shower shape, the neutrality of a clus-
ter, and the cluster energy. In addition, a loose time cut of
150 ns is applied for PHOS clusters to remove the pileup
contribution. The shower shape identification is based on
the fact that showers produced by antibaryons are charac-
terized by generally larger dispersion values compared to
electromagnetic ones. To quantify the shower shape, the
two variables, λshort and λlong, are used. They are by def-
inition the eigenvalues of the two-dimensional dispersion
matrix Mij = ∑

wk(xi,k − x̄i)(xj,k − x̄j) where weights
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Fig. 1 Shower shape parameters λlong vs. λshort for γ (left) and n (right) simulated in p–Pb collisions simulated with the DPMJET 3.0-5 [24] event
generator

wk = max[0, 4.5 + ln(Ek/Eclu)] [20], Ek is the energy
of the k-th cell of the cluster, Eclu is the cluster energy
and xj,k is the j-th coordinate in the calorimeter plane
(along or perpendicular to the beam direction) of the k-th
cell. Photons produce symmetric and compact clusters with
λshort ∼ λlong ∼ 1.5 cm2, while clusters produced by n are
generally larger and more asymmetric. Figure 1 shows λshort

and λlong distributions obtained with Monte-Carlo simula-
tions performed with the ALICE simulation and reconstruc-
tion framework AliRoot [25] and the DPMJET 3.0-5 [24]
event generator. The AliRoot framework includes a detailed
description of the material of ALICE subdetectors, simu-
lates responses of all detectors using GEANT 3 tracking, and
applies a standard reconstruction procedure to the simulated
data. Clusters are classified according to the particles deposit-
ing the largest part of the energy in the cluster. A selection
λlong ≥ adisp −λshort with adisp = 4 cm2, shown with dashed
line on Fig. 1, is applied in the analysis. Another possibility
to distinguish an antineutron is to use the number of cells in
a cluster. The mean number of cells in photon clusters with
Eclu > 0.5 GeV/c follows an approximately Poisson distri-
bution with a mean of ∼ 2 cells, while the number of cells in
antineutron clusters has a wide distribution with a mean of
∼ 15 cells. This variable is correlated to the dispersion of a
cluster, but an application of the selection Ncell > 7 improves
the purity of n sample.

Antiprotons may also induce hadronic showers with large
dispersion values. The neutrality identification criterion is
the absence of a track reconstructed in the central tracking
system and extrapolated to the PHOS surface in the vicinity
of a cluster (by default, 10σ) [26]. The σ value here is the
track pT-dependent resolution of a track propagation to the
PHOS. The resolution decreases with the track momentum
and reaches approximately 1.4 cm along the beam and mag-
netic field direction and 2.4 cm in the perpendicular direction

at a track pT = 1 GeV/c. Antiprotons could have a large off-
set between the point of entry of a track to the PHOS and
the center of gravity of a cluster, therefore, a relatively large
veto selection is chosen.

The spectrum of the PHOS clusters has a characteristic
bump in the region 0.5 < Eclu < 1.5 GeV related to the
(soft) antibaryon annihilation and the deposition of most of
the produced energy in the calorimeter, see left column of the
Fig. 2. This figure shows the relative contributions of clusters
produced by different particles in p−Pb collisions as a func-
tion of the cluster energy. Before selections (left column),
antibaryons contribute up to 10% to the total cluster spec-
trum and produce a wide bump because of random hadron
shower leakage. To increase the n contribution, a selection
on a minimal cluster energy (by default, Eclu > 0.5 GeV) is
applied.

Before the selections, the photons constitute the major
fraction of all clusters, while by applying the selection criteria
discussed above, one increases the fraction of n to 50–60%
in the cluster energy range 0.5 < Eclu < 2 GeV, see Fig. 2.
The relative contributions of different particle species and
improvement due to applied selections remain approximately
the same in pp and p−Pb collisions. Note that an energy
boost due to an annihilation makes antineutron and antiproton
clusters approximately 10 times more abundant than neutron
and proton ones. Modest PHOS timing resolution of soft
clusters makes an extension of this technique to neutrons
very challenging.

The time of flight information t extracted from PHOS
clusters is used to calculate the n momentum:

prec = mnc
√

(c · t/ l)2 − 1
, (1)
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Fig. 2 Fraction of different types of particles which produce clusters in PHOS before (left) and after the application of a default set of selections
(right) as a function of cluster energy in p–Pb collisions simulated with the DPMJET 3.0-5 [24]

where l is the distance between the primary vertex (PV) and
a cluster in the PHOS and mn = 0.9395 GeV/c2 [11] is the
neutron mass. The PHOS timing resolution rapidly improves
with the increase of a cluster energy Eclu [27]. Therefore, a
time measured in the cluster cell with the maximal energy
is used. To characterize the antineutron momentum resolu-
tion obtained with this method, a Full Width at Half Maxi-
mum (FWHM) of the reconstructed momentum distribution
is estimated: FWHM = 300 MeV/c at transverse momen-
tum 0.5 GeV/c and 500 MeV/c at pT = 1.5 GeV/c which
corresponds to resolutions of 125 MeV/c and 210 MeV/c,
respectively, for Gaussian distributions.

2.2 Track selection, and decay topology

To reconstruct charged pion tracks, the TPC and ITS were
used. Only good quality tracks were selected within a pseu-
dorapidity range of |η| < 0.8 using the standard ALICE
selection, requiring at least 50 associated hits in the TPC.
To identify the π± tracks, a 3σ selection on the difference
between the measured and expected dE /dx values in TPC
for pions, normalized to the resolution, [28] was imposed.

Due to the relatively large lifetimes of �
±
, their decay

vertices are shifted with respect to the primary vertex by a
few centimetres so that one can construct and apply topolog-
ical selections. The secondary vertex (SV) is reconstructed
as a point of the closest approach of the charged track to
the straight line of the n track connecting PV and a cluster
in the PHOS. This approximation of the n track is viable
because of the relation of �

±
lifetimes, the distance to the

PHOS and due to �
±

decay kinematics. The reconstruction
of an SV allows one to use standard topological variables, see
Fig. 3: the Distance of Closest Approach (DCA) between the
daughter particles in 3D space, the cosine of the Pointing
Angle (CPA) between the direction of the total momentum

Fig. 3 Decay topology of the �
± → nπ± decay. In the reconstruction

procedure, the direction of the n momentum is approximated by the
vector pointing from the PV to the cluster in the PHOS. DCA of π± is
not used in the analysis

and the direction of the vector pointing from the SV to the PV,
and the decay radius. The default selections are summarized
in Table 1.

MC simulations show that the DCA and the CPA have a
good selection power for the reconstruction of the�

±
decays.

In contrast, the distance between the PV and the SV shows
lower selection power. The usage of the π± DCA to the
primary vertex is not increasing the signal to background
ratio, thus it is not used in the analysis.

2.3 Raw yield extraction and efficiency evaluation

The raw yields of �
±

are calculated using invariant mass
distributions of nπ± pairs producing the same event (SE)
distributions. Examples of such distributions are shown in
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Table 1 Default selections used
in the analysis

Selection Topology selections

�
+

�
−

DCAdaug, cm < 0.06 + exp(−1.381 · pT − 2.232)

CPA > 0.3

Distance between PV and SV, cm > 0.193 · pT + 0.25 > 0.193 · pT + 0.15

Clusters

Min Eclu, GeV ≥ 0.6

Ncells ≥ 7

Dispersion, cm2 λlong ≥ −λshort + 4

CPV, nσ > 10

Tracks

TPC clusters ≥ 60

|η| ≤ 0.8

TPC PID for π, nσ < 3

Fig. 4. The particle identification and topological selections
significantly increase the signal/background ratio of the �

±

peak and allow one to measure the �
±

production down to
pT = 0.5 GeV/c. To estimate and subtract the combinatorial
background, an event mixing technique is used. A sequence
of 100 events with PV within 2 cm intervals is used for the
mixing. In the case of p−Pb collisions, the additional condi-
tion for mixed events to have the same 10% multiplicity class
is required. Note the complicated shape of the combinatorial
background, e.g. a bump at approximately Mnπ± ∼ 1.27
GeV/c2 which is related to the limited PHOS acceptance,
some inhomogeneity in the central tracking system accep-
tance and applied selection criteria. This shape is reproduced
in the MC simulations. To take into account possible resid-
ual correlations due to jets, collective flow, resonance decays,
etc., the mixed event (ME) distribution is scaled with a linear
function to reproduce the SE distribution beyond the peak.
To estimate the scale function, a fit of SE/ME ratio with lin-
ear plus the peak function (see details below) in the range
1.1 < Mnπ < 1.5 GeV/c2 is performed. The signal distribu-
tion is calculated as a difference between the SE and scaled
ME distributions.

The signal after background subtraction is compared to
MC simulations, where nπ± pairs from the same �

±
are

selected (“Signal, MC” distribution in Fig. 4). The width of
the �

±
peak in the nπ± invariant mass distribution is defined

mostly by the timing resolution of the PHOS. The specific
non-Gaussian shape of the peak is related to the time in the
denominator in the Eq. (1). Using invariant mass distributions
of nπ± pairs with common parent �

±
both in pp and p−Pb

MC simulations with the DPMJET 3.0-5 [24] event genera-
tor, it is found that a sufficiently good description of the shape
of the peak can be obtained as a combination of two exponen-
tial distributions with independent decay widths on the left

and right sides of the peak. A comparison of Signal distribu-
tions in data and MC is used to check the description of the
PHOS response. As the GEANT 3 [30] description of the n
interaction in a calorimeter is rather schematic, a parameter-
ization of the experimentally measured PHOS time response
to antibaryons is used in Monte-Carlo. To this purpose, clus-
ters matched with antiproton tracks identified in the central
tracking system are selected and the difference between the
reconstructed time and expected time of antiproton arrival
in the front surface of the PHOS which accounts for a track
curvature is calculated. The width of this time distribution is
defined by PHOS electronics timing resolution and by fluctu-
ations in the depth of the hadronic shower in the calorimeter.

The timing resolution of the PHOS decreases with the
cluster energy approximately as 1/Eclu and is estimated to be
∼ 15 ns at Eclu = 0.6 GeV and ∼ 7.5 ns at Eclu = 1.2 GeV.
The time distributions calculated for antiprotons for each
value of Eclu in the range used in the analysis are param-
eterized and applied to calculate time response in the MC
simulations. The quantitative comparison of peak positions
and FWHM of �

±
signal peaks in data and MC is presented

in Fig. 5. A good agreement between data and MC distri-
butions within statistical uncertainties in the full pT range
is found, both in pp and p−Pb collisions, giving additional
validation of the proper description of PHOS response.

To calculate the raw yield of �
±
, a bin content counting

procedure is used. The limits of the bin counting are chosen
as a compromise between integrating the larger part of the
signal and picking up statistical fluctuations from the back-
ground at the long tails of the peak. As a result, integration
ranges corresponding to the full width at 1/3 maximum (or 1/4
maximum for systematics studies) are applied. These ranges
are shown in Fig. 4 with vertical dashed and solid lines for
1/3 and or 1/4 maximum height, respectively.
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Fig. 4 Same event, mixed event, signal from data, and MC true signal
invariant mass distributions of nπ+ (top row) and nπ− (bottom row)
pairs in pp (left column) and p–Pb (right column) collisions for two
selected pT bins. Solid and dashed vertical lines represent integration

ranges at 1/4 and 1/3 of the maximum, respectively. The PYTHIA 8 [29]
and DPMJET 3.0-5 [24] event generators were used for Monte-Carlo
simulations

Reconstruction efficiency (see Fig. 6) is defined as the
ratio of the number of nπ± pairs that pass all selections
and originate from the same �

±
to the generated spec-

trum of �
±

hyperons. The reconstruction efficiencies of
�

±
were estimated within the AliRoot framework using the

PYTHIA 8.2.10 [29] event generator with Monash 2013 tune
for pp collisions and DPMJET 3.0-5 [24] for p−Pb collisions.
As both generators do not reproduce the shape of the �

±

pT spectrum and as the large PHOS timing resolution intro-

duces a dependence on this shape, a weighting procedure was
implemented to reproduce the final measured spectrum. The
introduction of the weights modified the efficiencies and thus
the final spectra, therefore an iterative procedure was applied
which converges to an accuracy better than statistical uncer-
tainties in 2–3 iterations. Similarly, the difference in local
slopes of the spectra at low pT in pp and p−Pb collisions
results in a considerable change in the efficiencies.

The shape and the absolute value of the efficiencies are
related to the PHOS acceptance and the proportion of n for
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Fig. 5 Comparison of peak position (left column) and full width at
half maximum, FWHM, (right column) in pp (top row) and p–Pb col-
lisions (bottom row) in data and MC simulations. The PYTHIA 8 [29]

and DPMJET 3.0-5 [24] event generators were used for Monte-Carlo
simulations. The PDG mass values of �

+
and �

−
[11] are shown with

short and long dashed lines, respectively

which the measured time is larger than the time of flight
for photons, and thus which momenta can be reconstructed.
Other n selection criteria and pair topological selections do
not affect the shape and only further reduce the reconstruc-
tion efficiencies. Because of the different mean lifetimes of
�

+
and �

−
, different selections on PV to SV distance were

applied, resulting in some difference in reconstruction effi-
ciencies of �

+
and �

−
.

The �
±

invariant yields are calculated by correcting the
raw yields for the reconstruction efficiencies and the V0M
trigger efficiency. The trigger efficiency was estimated in
previous analyses and found to be 0.964 ± 0.031 for non-
single diffractive (NSD) p−Pb collisions [31] and 0.757 ±
0.019 for INEL pp collisions [32].

2.4 Systematic uncertainties

Systematic uncertainties can be split into several classes:
cluster selection, track selection, topological selections, raw
yield extraction, trigger selection, and material budget. The

summary of relative uncertainties for �
±

yields is presented
in Table 2.

The cluster selection class reflects the quality of the
description of the PHOS response to n in MC simulations
and combines uncertainties related to n reconstruction and
identification in the PHOS. These uncertainties are estimated
by comparing the relative difference between the fully cor-
rected spectra calculated with the default set of selections
and with selection variations. To reduce statistical fluctua-
tions, the relative differences as a function of pT are parame-
terized with a smooth function. Linear or constant functions
provide a good description in all cases. If several variations
are considered, a maximal deviation is used as an uncertainty
estimate. Shower shape uncertainties include a variation of
the minimum number of cells in the cluster in the range 6–8
and of the offset parameter adisp of the dispersion selection
in the range 3.5–4.5 cm2. As dispersion parameters and the
number of cells are correlated, they are varied simultane-
ously. The cluster neutrality criterion CPV nσ is varied in
the range 4–11σ. Minimal cluster energy threshold is varied
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Fig. 6 Reconstruction efficiency for �
±

in pp collisions calculated using PYTHIA 8 [29] (left) and �
±

in p–Pb collisions (right) calculated using
DPMJET 3.0-5 [24]

Table 2 Relative systematic uncertainties of �
+

(left value) and �
−

(right value) yields in several pT bins in pp and p−Pb collisions

Source Uncertainty (%) �
+

/�
−

pp p–Pb

pT (GeV/c) 0.5–0.75 1–1.25 1.5–2 0.5–0.75 1–1.25 1.75–2

Shower shape 11.4/14.8 7.2/11.6

CPV nσ 3.9/2.7 2.5/5.1

Minimum Eclu 13.6/10.5 11.0/13.6

PHOS time response 4.9/5.1 5.5/5.8 9.4/8.9 5.5/4.1 7.9/6.5 11.5/14.6

Track |ηmax| 3.7/1.0 1.4/1.0 1.3/1.9 4.7/4.5 3.4/3.9 1.4/3.0

π± dE/dx 0.4/2.2 0.4/2.1 0.5/2.1 1.7/1.7 0.8/1.9 0.5/2.0

Topological selections 2.5/8.8 1.6/4.9 1.3/5.3 6.9/18.2 5.4/13.4 3.2/6.2

Raw yield extraction 2.0/5.2 2.3/1.9 1.0/2.1 5.2/12.2 3.1/10.2 3.0/4.8

Material budget 4.5

ITS-TPC matching efficiency 3.0

Total 20.3/22.6 20.1/21.0 21.4/22.2 18.7/29.9 18.3/26.9 19.4/25.9

in the range 0.5 < Eclu < 0.7 GeV. Uncertainties related
to the description of the PHOS time response to neutrons in
MC simulations are estimated by varying the width of the
parameterized time line by 10%.

The uncertainties related to the track selections are esti-
mated by a variation of the selection on the maximal track
pseudorapidity |ηmax| < 0.7 to |ηmax| < 0.9, the minimum
number of the TPC clusters in the range 50–70, and the max-
imal difference between the measured and expected dE/dx
values in TPC for pions normalized to the resolution from
2.5σ to 3.5σ. The uncertainties on the topological selec-
tions are estimated by a variation of the pT-dependent selec-
tions: distance of the closest approach between �

±
daughters

DCAdaugh = 0.10 cm to 0.12 cm, the distance between the

primary and secondary vertex in case of �
+

0.3 to 0.4 cm
and for �

−
0.2 to 0.3 cm (estimated at pT = 0.5 GeV/c).

The cosine of the pointing angle is varied from CPA > 0.0
to CPA > 0.5. All topological selections are considered to
be correlated and are varied simultaneously.

The uncertainties of the raw yield extraction are estimated
by a variation of the integration range obtained at 1/3 and
1/4 maximum height, the fitting range 1.07–1.15 to 1.45–
1.8 GeV/c2, and a variation of the parameterization of the
residual correlation contribution with a first order polynomial
or exponential function.

Some uncertainties were estimated in previous analyses:
those related to the material budget description in MC sim-
ulations [33,34], parameterization of the antimatter interac-
tion cross section in GEANT 3 [35] and ITS-TPC match-
ing efficiency [33]. These contributions are considered pT-
independent. All contributions to systematic uncertainties are
added in quadrature to obtain the total systematic uncertainty.
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Fig. 7 Spectra of �
+

(left column) and �
−

(right column) measured
in pp (top row) and p–Pb (bottom row) collisions at

√
sNN = 5.02 TeV

compared to predictions of EPOS LHC and EPOS4 [37,38],
PYTHIA 8 [29], PHOJET and DPMJET [39] models. Also, Lévy–

Tsallis fits to the measured spectra are shown. All models except EPOS4
have negligible statistical uncertainties. The uncertainties of the models
are included as statistical ones in the data to MC ratio

3 Results and discussion

3.1 pT-differential spectra

The spectra of �
+

and �
−

measured in pp and p−Pb col-
lisions are presented in Fig. 7. Spectra are extracted in the
pT range of 0.5 < pT < 3 GeV/c. To account for finite bin
widths, point positions are calculated according to prescrip-
tions from Ref. [36]. The transverse momentum value for

each bin, denoted as pIwT , was determined using the mean-
ordinate method. This rigorous approach requires solving
for the abscissa pIwT,i in a given bin i such that its functional
value equals the mean value of the function over that bin’s
interval:

f (pIwT,i ) = 1

	pT,i

∫ pup
T,i

plow
T,i

f (pT) dpT. (2)
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Fig. 8 Ratio of �
+

to �
−

spectra in pp and p–Pb collisions compared to predictions of EPOS LHC and EPOS4 [37,38], PYTHIA 8 [29], PHOJET
and DPMJET [39] models

Since the underlying function f (pT) is generally unknown,
it was approximated by fitting experimental data with Lévy–
Tsallis function to perform this computation. Measured spec-
tra are compared to predictions of several models.

The best description of the pT spectra in pp collisions
is provided by the EPOS model (EPOS LHC and EPOS4
versions) [37,38] which reproduces measured yields within
uncertainties. The EPOS model includes the description of
collective effects and combines the parallel multiple scatter-
ing scenario (needed in connection with collective effects)
and the factorization mechanism. The EPOS4 model was
evaluated with all the hydro options switched on (“core full”,
“hydro hlle”, “eos x3ff”) and the hadronic re-scatterings sim-
ulated with UrQMD (“hacas full”). The PYTHIA 8.2.10 with
Monash 2013 tune [29] approximately reproduces the yields
at low pT, but predicts 2–2.5 times smaller yields for both
hyperons at pT > 1 GeV/c. The PHOJET (DPMJET version
3.0-5) [39] model does not reproduce the shape of the spec-
trum: it approximately agrees with the measured spectrum at
low pT, but predicts approximately 3 times smaller yield at
high pT > 1 GeV/c.

In p−Pb collisions, the best description of the data is pro-
vided by the EPOS LHC and EPOS4 models. The DPM-
JET [24] model does not describe the data, predicting con-
siderably higher yield at low pT and a factor ∼ 4 smaller
yield at high pT. As the DPMJET model is based on the
PHOJET description of nucleon–nucleon collisions scaled
accordingly to the Glauber model, the deviation at high pT

inherited from the PHOJET model is expected. The disagree-
ment in the shape may point to the importance of effects like
multiparton interactions implemented in the EPOS model, or

to the participation of � hyperons in radial collective flow
developed in p−Pb collisions.

The ratios of pT spectra of �
+

to �
−

measured in pp
and p−Pb collisions are presented in Fig. 8. Some system-
atic uncertainties related to cluster selections, the PHOS time
response parameterization, material budget, etc. cancel out
partially or completely in this ratio. Because of the quark
content of �

+
and �

−
, these ratios are twice as sensitive

to the possible deviations from isospin symmetry than, e.g.,
the n/p ratios. The measured ratios are consistent with unity,
both in pp and p−Pb collisions. The DPMJET, PYTHIA 8
and EPOS4 models predict that these ratios are very close to
unity and agree with the data within uncertainties, while the
EPOS LHC model predicts some excess of �

+
yield com-

pared to �
−
, especially in pp collisions. This effect could

be related to the specific tune of this version of the model
because it is not observed in the EPOS4 model predictions.

Ratios of spectra of different hadron species allow study-
ing in detail different effects like the participation in radial
expansion and earlier or later thermodynamical freeze-out
for given hadron species, a contribution from coalescence
effects, and possible differences in strange and non-strange
hard parton fragmentation to mesons or baryons. The ratios
of spectra of �

±
and different hadrons [40,41] to charged

pions, protons, and � (in the case of p−Pb collisions) are
compared in Fig. 9. As the pT intervals for the �

±
measure-

ments are wider compared to the measured spectra of π, p,
and �, rebinned spectra were used in the denominator of
�

±
/π, �

±
/p, and �

±
/�. The values for the new bins were

obtained from the integral of Lévy–Tsallis fits to the mea-
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Fig. 9 pT-differential ratios of �
−
, �

+
, � and protons to pions, pro-

tons, and � (in the case of p–Pb collisions) in pp (top row) and p–
Pb (middle and bottom rows) collisions. In the ratios for p–Pb col-

lisions, spectra in the denominator are taken in the rapidity range
−0.5 < yCMS < 0. Ratios are compared to predictions of EPOS4 [38],
DPMJET [39] and PYTHIA 8 [29] models
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Table 3 Integrated yield of �
±

in pp and p−Pb collisions com-
pared to predictions of several models. Ratios are compared to predic-
tions of EPOS LHC and EPOS4 [37,38], PHOJET and DPMJET [39],

PYTHIA 8 [29], and Thermal-FIST [43] models. For convenience, all
yields are multiplied by a factor of 103

Species
dN

dy
± (stat.) ± (sys.) ± (extr.) EPOS4 EPOS LHC PHOJET/DPMJET PYTHIA 8 Thermal-FIST

pp collisions (INEL), ×103

�
+

18.1 ± 0.5 ± 4.0 ± 0.7 21.4 ± 0.2 18.441 ± 0.004 16.45 ± 0.05 17.71 ± 0.03 16.7

�
−

18.3 ± 0.7 ± 4.7 ± 0.7 20.4 ± 0.2 14.735 ± 0.004 16.55 ± 0.05 17.77 ± 0.03 17.2

p–Pb collisions (NSD), ×103

�
+

75 ± 3 ± 16 ± 3 71.9 ± 0.8 74.1 ± 0.1 78.39 ± 0.05 – 63

�
−

72 ± 2 ± 20 ± 3 73.8 ± 0.8 69.1 ± 0.1 78.47 ± 0.05 – 65

sured spectra. The statistical uncertainties of new points are
calculated as an integral error from the fit. The systematic
uncertainties of new points are calculated by shifting mea-
sured points up and down by the systematic uncertainty. The
final systematic uncertainty is taken as the maximal deviation
of upper and lower values from the central one.

The p/π ratio saturates at high pT both in pp and p−Pb
collisions. The �/π demonstrates a similar trend in p−Pb
collisions. However, the �

±
/π ratio keeps rising to 3 GeV/c

in p−Pb and to a lesser extent in pp collisions. This may point
to the participation of �

±
in the radial collective expansion

in p−Pb collisions. Ratios to baryons are less affected by
radial expansion because of smaller differences in masses. In
addition, a ratio to baryons probes similar production mech-
anisms at high pT. The �/p ratio shows saturation at high
pT similar to the ratio to pions, but the �/p ratio also shows
a rising trend up to the highest measured pT. EPOS LHC and
EPOS4 provide better descriptions of the ratios, especially
in p−Pb collisions. PYTHIA 8 reproduces all ratios at small
pT but predicts smaller baryon proportion at high pT. The
DPMJET model does not reproduce the observed increase of
the ratios with pT stressing the importance of accounting for
collective effects in p−Pb collisions.

3.2 Integrated yield dN/dy

Reproduction of the integrated hadron yields is one of the
basic parameters of dynamical or statistical models. To make
a quantitative comparison with model predictions, the inte-
grated yield of �

±
per unit rapidity was estimated. As spec-

tra are measured in a limited pT range, extrapolations are
performed: the measured spectra are fitted with a set of
functions, including Lévy–Tsallis [42] (the default one), pT

and mT exponent distribution, Fermi–Dirac, Boltzmann, and
Boltzmann–Gibbs Blast Wave. Fitting was performed using
uncertainties calculated as a quadratic sum of statistical and
pT-uncorrelated systematic uncertainties (raw yield extrac-
tion), with an additional simultaneous variation of all points

with pT-correlated systematic uncertainties. All functions
showed similar and stable results, and the systematic uncer-
tainty was calculated as the RMS for different functions. The
fractions of the integrated yields outside the measured region
were estimated to be approximately 16–24% in the low-pT

region and 1–3% in the high-pT region in pp collisions and 8–
14% in the low-pT region and 5–12% in the high-pT region in
the p−Pb collisions. Extracted integrated yields are summa-
rized in Table 3 and compared to the integrated yields calcu-
lated by Thermal-FIST (v1.4.2) [43], DPMJET, EPOS LHC,
EPOS4, and PYTHIA 8 models. All models, including the
statistical model Thermal-FIST, reproduce measured yields
within uncertainties, both in pp and p−Pb collisions. Param-
eters obtained in parameterization of yields with Thermal-
FIST model areT = 148.69±0.03 MeV,μB = 0±0.09 MeV
and T = 147.31±0.06 MeV, μB = 0 ±0.2 MeV for pp and
p−Pb collisions, respectively.

Ratios of integrated yields of different hadron species
together with model predictions are shown in Fig. 10 and
summarized in Table 4. Both Thermal-FIST and dynami-
cal model predictions agree with the measurements within
uncertainties. It is noteworthy, that the � baryon yield is dif-
ficult to reproduce within dynamical models, and as well the
ratio of �

±
to � generally is not reproduced by dynamical

models (with the exception of �
−

in the EPOS LHC model),
while it is better described by the Thermal-FIST model. On
the other hand, the ratio of �

±
to kaons is better reproduced

by most dynamical models and underestimated by Thermal-
FIST model. These observations might provide insights to
the strangeness production mechanisms.

3.3 Nuclear modification factor RpPb

To compare spectra measured in pp and p−Pb collisions, we
construct a nuclear modification factor RpPb, defined as

RpPb = dNpPb/dpT

〈Ncoll〉 dNpp/dpT
, (3)
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Fig. 10 Comparison of ratios
of integrated yields of different
particle species as shown in
Table 4 (�

−
and �

+
yields are

combined). Ratios are compared
to predictions of EPOS LHC and
EPOS4 [37,38], PHOJET and
DPMJET [39], PYTHIA 8 [29],
and Thermal-FIST [43] models

where 〈Ncoll〉 = 6.9 ± 0.7 is the number of binary nucleon–
nucleon collisions in NSD p–Pb collisions estimated with the
Glauber model [44]. The measured RpPb for �

+
and �

−
are

shown in Fig. 11 and compared to those of protons [45], sin-
gle strange hyperons (�) [46] and hyperons with two strange
quarks (�) [45,46]. RpPb for all hadrons agrees within uncer-
tainties, thus no significant dependence on strangeness con-
tent was observed. The low pT part deviates from the 〈Ncoll〉
scaling, which may be caused by the nuclear shadowing of
the initial gluon distributions or may show the presence of
soft processes, where the number of created soft particles is
proportional to the number of wounded nucleons NWN in the
Glauber model. In the right plot of Fig. 11, the measured
RpPb of protons, �

+
, and �

−
are compared to predictions

of the EPOS LHC and EPOS4 models. Both the EPOS LHC
and EPOS4 models reproduce the measured RpPb for �

+
and

�
−

within uncertainties.

4 Conclusion

Anti-� hyperon (�
±
) production spectra were measured in

pp and p−Pb collisions at
√
sNN = 5.02 TeV in the transverse

momentum range 0.5 < pT < 3 GeV/c. Measurements were
performed in �

±→ nπ± channel with an n reconstructed in
the electromagnetic calorimeter PHOS and π± in the central
tracking system. This is the first measurement to implement
the reconstruction of antineutrons with an electromagnetic
calorimeter. The measured spectra of �

±
were compared to

PYTHIA 8, EPOS LHC, EPOS4 and PHOJET for pp and
DPMJET, EPOS LHC and EPOS4 for p−Pb Monte-Carlo
models. EPOS LHC and EPOS4 reproduce the spectra well
both in pp and p−Pb collisions, while PYTHIA 8 and PHO-
JET underestimate the measured spectra by a factor of ∼ 3
at high pT. DPMJET predicts a considerably higher yield at
low pT and a yield by a factor of ∼ 4 times smaller at high
pT.
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Table 4 Ratios of pT-integrated yields of �
−
, �

+
, and � (in the case

of p−Pb collisions) to yields of pions, protons, and � in pp and p−Pb
collisions [40,41]. In p−Pb collisions, spectra of pions, protons and
� are taken in the rapidity range −0.5 < yCMS < 0, other spectra

are measured for the rapidity range |yCMS| < 0.5. Ratios are com-
pared to predictions of EPOS LHC and EPOS4 [37,38], PHOJET and
DPMJET [39], PYTHIA 8 [29], and Thermal-FIST [43] models. For
convenience, all yields are multiplied by a factor of 103

pp collisions (INEL)
Species val. ± (stat.) ± (sys.) EPOS4 EPOS LHC PHOJET PYTHIA 8 Thermal-FIST

Ratio to (π+ + π−) ×103

p + p̄ 56.38 ± 0.05 ± 5.0 52.0 ± 0.1 55.799 ± 0.004 52.86 ± 0.05 63.01 ± 0.03 56.11

2�
+

8.8 ± 0.2 ± 1.9 8.57 ± 0.08 8.192 ± 0.002 6.56 ± 0.02 7.92 ± 0.01 8.1

2�
−

8.8 ± 0.3 ± 2.3 8.13 ± 0.08 6.546 ± 0.002 6.60 ± 0.02 7.95 ± 0.01 8.3

Ratio to (K++K−) ×103

2�
+

68 ± 2 ± 15 61.5 ± 0.6 67.91 ± 0.02 84.3 ± 0.2 62.8 ± 0.1 45

2�
−

68 ± 2 ± 18 58.4 ± 0.6 54.26 ± 0.01 84.8 ± 0.2 62.9 ± 0.1 46

Ratio to (p + p̄) ×103

2�
+

155 ± 4 ± 34 165 ± 2 146.82 ± 0.04 124.1 ± 0.4 125.7 ± 0.2 144

2�
−

157 ± 6 ± 40 156 ± 2 117.31 ± 0.03 124.9 ± 0.4 126.1 ± 0.2 149

p–Pb collisions (NSD)

Species val. ± (stat.) ± (sys.) EPOS4 EPOS LHC DPMJET PYTHIA 8 Thermal-FIST

Ratio to (π+ + π−) ×103

p + p̄ 56.1 ± 0.1 ± 4.6 54.1 ± 0.2 63.75 ± 0.03 53.19 ± 0.01 – 54.2

� + �̄ 37.8 ± 0.2 ± 3.7 29.0 ± 0.1 35.30 ± 0.02 19.840 ± 0.006 – 28.7

2�
+

9.0 ± 0.4 ± 1.9 8.23 ± 0.09 9.63 ± 0.02 9.212 ± 0.006 – 7.8

2�
−

8.7 ± 0.2 ± 2.5 8.45 ± 0.09 8.99 ± 0.01 9.222 ± 0.006 – 8.0

Ratio to (K++K−) ×103

2�
+

67 ± 3 ± 15 52.1 ± 0.6 71.3 ± 0.1 69.71 ± 0.04 – 43

2�
−

64 ± 2 ± 19 53.5 ± 0.6 66.5 ± 0.1 69.78 ± 0.04 – 44

Ratio to (p + p̄) ×103

� + �̄ 674 ± 3 ± 73 537 ± 3 553.7 ± 0.4 373.0 ± 0.1 – 529

2�
+

161 ± 7 ± 35 152 ± 2 151.1 ± 0.2 173.2 ± 0.1 – 143

2�
−

155 ± 4 ± 45 156 ± 2 140.9 ± 0.2 173.4 ± 0.1 – 148

Ratio to (� + �̄) ×103

2�
+

239 ± 10 ± 54 283 ± 3 273 ± 0.5 464.3 ± 0.3 – 271

2�
−

229 ± 6 ± 68 291 ± 3 254.5 ± 0.4 464.8 ± 0.3 – 279

The integrated yields of �
±

in both pp and p−Pb
collisions were calculated and compared to the Thermal-
FIST predictions and to predictions of dynamical models
(PYTHIA 8, EPOS LHC, EPOS4, PHOJET, and DPM-
JET). Both Thermal-FIST and dynamical model predictions
describe the integrated yields of �

±
within uncertainties.

The ratio of integrated yields of �
±

to the integrated yields
of strange and non-strange hadrons were calculated. The cur-
rent models struggle to describe absolute yields of � hyper-
ons, and the ratio of � to � generally is also overestimated
by models, while the ratio to kaons is described better. On the

other hand, the Thermal-FIST prediction of � to � ratio is
consistent with the data. This may provide important insight
into the particle production mechanism in high-multiplicity
pp and p−Pb events.

The nuclear modification factor RpPb was constructed for

�
±

and compared to those of the protons, �, and � hyper-
ons. RpPb of �

±
coincide with RpPb of other baryons within

uncertainties. Both the EPOS LHC and EPOS4 models prop-
erly reproduce the measured RpPb of �

±
.
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Fig. 11 Nuclear modification factors RpPb measured for �
+

and �
−

compared to those of protons [45] and � [45,46] (left) and to predictions of
EPOS4 and EPOS LHC models [37] (right)
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S. Pisano49 , M. Płoskoń73 , M. Planinic88 , D. K. Plociennik2 , M. G. Poghosyan86 , B. Polichtchouk139 ,
S. Politano24,32 , N. Poljak88 , A. Pop45 , S. Porteboeuf-Houssais125 , I. Y. Pozos44 , K. K. Pradhan48 ,
S. K. Prasad4 , S. Prasad48 , R. Preghenella51 , F. Prino56 , C. A. Pruneau135 , I. Pshenichnov139 , M. Puccio32 ,
S. Pucillo24,28 , L. Quaglia24 , A. M. K. Radhakrishnan48 , S. Ragoni14 , A. Rai136 , A. Rakotozafindrabe128 ,
N. Ramasubramanian126, L. Ramello56,131 , C. O. Ramírez-Álvarez44 , M. Rasa26 , S. S. Räsänen43 , R. Rath96 ,
M. P. Rauch20 , I. Ravasenga32 , K. F. Read86,120 , C. Reckziegel111 , A. R. Redelbach38 , K. Redlich78,g ,
C. A. Reetz96 , H. D. Regules-Medel44 , A. Rehman20 , F. Reidt32 , H. A. Reme-Ness37 , K. Reygers93 ,
R. Ricci28 , M. Richter20 , A. A. Riedel94 , W. Riegler32 , A. G. Riffero24 , M. Rignanese27 , C. Ripoli28 ,
C. Ristea63 , M. V. Rodriguez32 , M. Rodríguez Cahuantzi44 , K. Røed19 , R. Rogalev139 , E. Rogochaya140 ,
D. Rohr32 , D. Röhrich20 , S. Rojas Torres34 , P. S. Rokita134 , G. Romanenko25 , F. Ronchetti32 ,
D. Rosales Herrera44 , E. D. Rosas65, K. Roslon134 , A. Rossi54 , A. Roy48 , S. Roy47 , N. Rubini51 ,
J. A. Rudolph83, D. Ruggiano134 , R. Rui23 , P. G. Russek2 , R. Russo83 , A. Rustamov80 , Y. Ryabov139 ,
A. Rybicki106 , L. C. V. Ryder116 , G. Ryu71 , J. Ryu16 , W. Rzesa134 , B. Sabiu51 , R. Sadek73 , S. Sadhu42 ,
S. Sadovsky139 , S. Saha79 , B. Sahoo48 , R. Sahoo48 , D. Sahu48 , P. K. Sahu61 , J. Saini133 , K. Sajdakova36,
S. Sakai123 , S. Sambyal90 , D. Samitz101 , I. Sanna32,94 , T. B. Saramela109, D. Sarkar82 , P. Sarma41 ,
V. Sarritzu22 , V. M. Sarti94 , M. H. P. Sas32 , S. Sawan79 , E. Scapparone51 , J. Schambach86 , H. S. Scheid32 ,
C. Schiaua45 , R. Schicker93 , F. Schlepper32,93 , A. Schmah96, C. Schmidt96 , M. O. Schmidt32 , M. Schmidt92,
N. V. Schmidt86 , A. R. Schmier120 , J. Schoengarth64 , R. Schotter101 , A. Schröter38 , J. Schukraft32 ,
K. Schweda96 , G. Scioli25 , E. Scomparin56 , J. E. Seger14 , Y. Sekiguchi122, D. Sekihata122 , M. Selina83 ,
I. Selyuzhenkov96 , S. Senyukov127 , J. J. Seo93 , D. Serebryakov139 , L. Serkin65,h , L. Šerkšnytė94 ,
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